Apoptosis is a well defined mode of cell death which plays an imperative role in the development, regulation, and maintenance of the cell populations in multicellular organisms. Apoptosis is implicated in both health and diseases. Errors in apoptotic mechanisms have been allied to a wide range of pathologies including oral diseases. This review presents an update focused on the role and significance of apoptosis in various oral diseases ranging from reactive to benign and malignant pathologies.
Introduction
The word "apoptosis" is of Greek origin, meaning "dropping off " or "falling off " of petals from flowers or leaves from trees. The term "apoptosis" was first introduced by Kerr et al. It is an active, inherently programmed phenomenon which can be initiated or inhibited by a variety of environmental stimuli, both physiological and pathological. Carl Vogt, however, first described the phenomenon more than 100 years earlier in 1842 [1, 2] .
There are four major players which are involved in triggering and influencing the apoptotic process. These are the caspases, Bcl-2 family of proteins, tumor necrosis factor receptor (TNF-R) superfamily, and adaptor proteins [3] . Caspases are a family of proteases and are classified into initiator caspases 2, 8, 9, and 10, effector caspases 3, 6, and 7, and inflammatory caspases 1, 4, 5, 11, 12, 13, and 14 [3] [4] [5] . The members of Bcl-2 family are a group of crucial regulatory factors in apoptosis which are characterized by presence of conserved sequence motifs known as Bcl-2 homology (BH) domains. They are categorised into proapoptotic proteins (Bad, Bak, Bax, Bcl-rambo, Bcl-xS, Bid, Bik, Bim, Blk, BNIP3, Bok/Mtd, Hrk, and Nip3 in mammals and Egl-1 in C. elegans) and antiapoptotic proteins (A1/Bfl1, Bcl-2, Bcl-w, Bcl-xL, Boo/Diva, Mcl-1, NR-13, and Nrf3 in mammals, BHRF-1, E1B19 K, Ks-Bcl-2, LMW5-HL, and ORF16 in bacteria, and Ced-9 in C. elegans) [3, 5] .
Broadly based intrinsic and extrinsic classification is used as platform to describe apoptotic signal cascade. Extrinsic/death receptor activated pathway involves the initiation of apoptosis through ligation of plasma membrane death receptors whereas intrinsic/mitochondrial cell death pathway involves initiation of apoptosis as a result of disturbance of intracellular homeostasis and mitochondria being critical executioner of cell death. While the initiation mechanisms of these pathway are different, both pathways converge (common pathway) resulting ultimately in cellular morphologic and biochemical alterations characteristic of apoptosis [5, 6] . Thus, apoptosis is a tightly synchronised and efficient cell death program requiring interplay of multitude of factors.
Apoptosis is a genetically programmed form of cell death which is indispensable for development and homeostasis of multicellular organism. Although apoptotic cell death plays an important role in maintenance of the normal physiological state, it may also be responsible for diseased state of the body. A dysfunctional apoptotic system can lead to either excessive removal or prolonged survival of cells and thus dysregulated apoptosis is implicated in pathogenesis of a variety of diseases including oral pathologies. The present review attempts to summarise and highlight the role and significance of apoptosis in various oral diseases. 
Classification of Oral Diseases

Apoptosis in Oral Diseases
Apoptosis and Reactive Lesions
3.1.1. Apoptosis and Pyogenic Granuloma. Cells in multicellular organisms are inflicted with a variety of challenges to which they react by regeneration, hyperplasia, dysplasia, hypertrophy, atrophy, or metaplasia depending on the nature of the challenge. These modes of cellular adaptability involve modulation of the balance between cell proliferation and cell death [7] . Pyogenic granuloma (PG) is one of the inflammatory hyperplasias seen in the oral cavity which may arise in response to various stimuli such as low-grade local irritation, traumatic injury, or hormonal factors [8] . Lower ISTR (in situ 3 -tailing reaction) labeling indices and more frequent Bcl-2/Bax expression in PG than granulation tissue and capillary hemangioma suggested that the low apoptotic rate in PG is closely related to its characteristic rapid growth [9] . It has also been found that, in pregnancy tumor, female sex hormones not only enhance the expression of angiogenic factors but also decrease apoptosis of granuloma cells to extend angiogenic effect [10] . VEGF alone or in combination with Ang-2 could protect microvessels from apoptosis, while Ang-2 alone had no effect. Therefore lack of VEGF is associated with apoptosis of endothelial cells and regression of granuloma [11] .
Apoptosis and Giant Cell
Granuloma. Central giant cell lesion (CGCL) and peripheral giant cell lesion (PGCL) of the jaws are characterized by multinucleated osteoclast-like giant cells in a background of mononuclear cells [12, 13] . Pammer et al. [13] demonstrated strong expression of Bax and Bak, weak positivity for Bcl-2, and moderate positivity for Bcl-x in majority of giant cells in PGCL and lesions containing osteoclast-like giant cells, whereas only scattered mononuclear cells were positive for Bax, Bak, and Bcl-2. Also, frequency of apoptotic nuclei was 18 times higher in giant cells than in mononuclear cells suggesting that giant cells of bone and soft tissue tumors are reactive cell forms and are not of neoplastic origin. Both CGCL and PGCL showed increased expression of Bax and Bcl-2 mRNA. PGCL showed a higher apoptotic index (ratio Bax/Bcl-2) than CGCL, also confirmed by TUNEL analysis which might be associated with the different clinical behavior of CGCL and PGCL [12] .
Apoptosis and Inflammatory Diseases
Apoptosis and Recurrent Aphthous
Ulceration. Recurrent aphthous ulceration (RAU) is a common inflammatory condition of the oral mucosa predominantly affecting lining oral mucosa [7] . Recurrent aphthous like ulceration is a cardinal feature of Behcet's syndrome and is consistently associated with it [14] . Ultrastructurally, normal oral mucosa of patients with RAU or Behcet's syndrome revealed degenerated, apoptotic prickle cells and it was speculated that the onset of aphthous ulceration is closely related to phagocytosis of these apoptotic cells by intraepithelial mononuclear cells [15] . RAU induces p53 immunoexpression which might be related to its aetiopathogenesis [16] .
Apoptosis and Diseases of Periodontium.
Periodontal disease is an acute or chronic inflammatory condition which develops as a result of imbalance in the equilibrium between the host defence and microbial agents resulting in destruction of tooth-supporting tissue leading to mobility and tooth loss. TUNEL positive cells, positive staining with active caspase-3, Fas, FasL, p53, and chromatin condensation was found in the inflammatory infiltrates of periodontitis patients whereas Bcl-2 positivity was found in both periodontitis patients and healthy controls, thus concluding that apoptotic mechanism could be implicated in the inflammatory process associated with periodontitis [17] . A greater number of apoptotic keratinocytes than proliferative ones are found in periodontitis patients, only in the most apical part of the sulcus compared to those with gingivitis [18] . Monocytes are the most lysis-sensitive leukocytes for A. actinomycetemcomitans leukotoxin, which depends on caspase 1-activation [19] . It is also evidenced that live P. gingivalis can induce significant apoptosis in primary human gingival epithelial cells between 12 and 24 hours of challenge via gingipains dependent mechanism [20] . Hydrogen sulfide can induce apoptosis in gingival epithelial cells and human gingival fibroblast in the oral cavity which may cause a periodontal condition [21] . Neutrophils, when combined in a P. gingivalis challenge assay of epithelial cells, prevent epithelial cell apoptosis by phagocytosing P. gingivalis and also protect the host from the harmful effects of its microbial proteases [22] . It has also been analysed that the increased fibroblast proliferation and a simultaneous decrease in apoptosis contribute to gingival overgrowth [23] .
Apoptosis and Immune-Mediated Diseases
Apoptosis and Oral Lichen Planus.
The hallmark histopathologic feature of lichen planus (LP) is the degeneration of the basal layer of the epithelium. Eosinophilic globular bodies also known as colloid, hyaline, cytoid, or Civatte bodies are also characteristic features of LP, seen in the basal layer and upper connective tissue, and have been interpreted as degenerative keratinocytes. Damage to the basal layer appears to involve apoptosis as an early event [24] . The following mechanisms are proposed for keratinocyte apoptosis:
(1) T-cell-secreted TNF-binding to TNF-R1 receptor on keratinocyte surface, (2) T-cell surface CD95L (Fas ligand) binding to CD95 (Fas) on the keratinocyte surface, (3) T-cell-secreted granzyme B entering the keratinocyte via perforin induced membrane pores.
All these mechanisms activate caspase cascade resulting in keratinocyte apoptosis. On the contrary reduced or absent apoptotic rate in inflammatory cells has been thought to contribute to development of OLP [25] .
One of the studies demonstrated that caspases 2 and 12 were expressed in all samples and caspase-8 was expressed in most of the samples of atrophic lichen planus suggesting the importance of endoplasmic reticulum (ER) stress in inducing apoptosis in OLPs. However, the activation of death receptors in OLP cannot be ruled out [26] . Increased apoptosis may cause a decrease in epithelial thickness reflected in the activity of the lesion. It was found that apoptosis in the erosive OLP was significantly more intense than in the reticular type and both forms of OLP presented more apoptosis than the healthy oral mucosa [27] . It has been demonstrated that increased numbers of apoptosis were detected in OLP, especially in association with lymphocytic infiltration and hematoxylin-eosin staining being more sensitive in detecting higher number of apoptotic nuclei than in situ end labeling [28] . Expression of cell proliferation proteins like PCNA and apoptotic proteins like Bcl-2 and Bax was found to be altered in OLP as seen in epithelial dysplasia suggesting their potential for malignant transformation [29] . TUNEL and caspase-3 expression showed absence or low rate of apoptosis in inflammatory cells in OLP thus contributing to the persistence of the inflammation and favouring cancer development [30] . Apoptosis in OLP seems to be correlated with granzyme B release, while in oral cGVHD perforin seems to be more important suggesting that subtle differences seem to exist in their pathogenetic mechanisms [31] .
Apoptosis and Erythema
Multiforme. Erythema multiforme is a distinct dermatologic hypersensitivity pathology characterized by cutaneous or mucous lesions and eventually it can also involve both. In their more severe forms, they appear with occasional visceral involvements. It includes wide range of clinical patterns-EM minor, EM major, Stevens Johnson syndrome, and toxic epidermal necrolysis [32] . Cell death in EM is at least in part due to apoptosis which may be related to an altered expression of apoptosisregulating proteins like p53 and Bcl-2 family proteins and activation of Fas/Fas-ligand system [33] . ELISA and in vitro analysis showed that sFasL secreted by PBMCs not keratinocytes plays a crucial role in the keratinocyte apoptosis and pathogenetic mechanism of TEN and SJS and serum sFasL level may be a good indicator for the early diagnosis of TEN and SJS [34] . It has also been found that perforin mediates apoptosis in the pathogenesis of the epidermal cell changes in SJS [35] .
Apoptosis and Lupus Erythematosus.
Systemic lupus erythematosus (SLE) and discoid lupus erythematosus (DLE) are autoimmune diseases manifesting as erythematous or ulcerative lesions with white striae radiating from the margins [7] . CD95 mutations are linked with loss of regulation of B lymphocytes, which predisposes to systemic autoimmunity including SLE [36] . Autoantigens in SLE become clustered in and on the surface blebs of apoptotic cells and these cells play a central role in tolerizing B cells and T cells and may drive the autoimmune response in systemic autoimmune disease [37] . SLE is characterized by imbalance redox state which in turn is related to intracellular levels of glutathione and controlled production of reactive oxygen species and alteration in the intracellular redox environment of cells are critical for cellular immune dysfunction, activation of apoptotic enzymes, and apoptosis [38] . It has also been demonstrated that elevated endothelial cell apoptosis strongly correlates with markedly abnormal vascular function and elevated tissue factor levels and may represent an important mechanism for development of atherothrombosis in SLE [39] .
Apoptosis and Pemphigus Vulgaris.
Pemphigus is a group of autoimmune blistering diseases characterized by loss of keratinocyte cell adhesion that leads to clinical blister formation. Induction of apoptosis or of proapoptotic proteins by pemphigus IgG may be (i) part of the mechanism by which sera and IgG induce acantholysis or (ii) a consequence of loss of adhesion (anoikis) and a result of acantholysis [40] . Fas ligand levels are markedly increased in sera from untreated pemphigus patients which is suggesting that Fas/Fas ligand cell death pathway plays a major role in anoikis as seen in pemphigus [41] . Hoechst 33342 staining and RT-PCR analysis showed that apoptosis may be associated with acantholysis of pemphigus lesional epidermis and may play an important role in the pathogenesis of pemphigus [42] . Apoptosis is observed in the perilesional normal appearing tissue suggesting that it is an early phenomenon. Also, the process of apoptosis may cause exacerbation or speeding of the bulla formation [43] . But whether apoptosis is really essential for acantholysis in pemphigus is not clear. Immunofluorescence analysis confirmed that PV IgG autoantibodies promote apoptosis in HaCaT keratinocytes characterized by caspase-3 activation, Bcl-2 depletion, and Bax expression [44] .
Apoptosis and Epidermolysis Bullosa.
Epidermolysis bullosa is a hereditary vesiculobullous disease characterized by blistering of the skin and oral mucosa due to basal keratinocyte fragility [7] . Experiment using cellular model of EBS showed that HaCaT cells were susceptible to apoptosis by activation of caspases 3 and 8, but not caspase-9 or caspase-12. Moreover TNF-release and the subsequent activation of the TNF-receptor by an autocrine/paracrine pathway link protein aggregates to cell death in this keratinocyte EBS cellular model. Also, susceptibility of keratinocytes to caspase-8-mediated apoptosis is increased in mutated K14 because of impairment of the cytoprotective mechanism mediated by K14-TRADD interaction [45] .
Apoptosis and Oral Graft-versus-Host Diseases.
Graftversus-host disease (GVHD) is characterized by an immunemediated attack by donor immune cells against various recipient host cells and tissues. Although donor and recipient are matched at major histocompatibility loci prior to transplantation, GVHD occurs because differences exist at minor histocompatibility loci. Programmed cell death or apoptosis has been evidenced as major constituent in the pathogenesis of GVHD. Oral involvement may be seen in 33-75% of patients who develop acute GVHD and in up to 80% of patients affected by chronic GVHD, making these lesions useful as a highly predictive index for the presence of systemic disease. The oral lesions of GVHD are clinically and histologically lichenoid in nature [46] . CTL mediated apoptotic pathway predominates in GVHD. Initiation can occur either when virus-specific cytotoxic T lymphocytes (CTL) bind to target cells and release granzymes into the cells or when CTL bind and activate the TNF family of receptors, such as the Fasreceptor or TRAIL-receptor [46] [47] [48] . Caspases and several intracellular proteases participate in propagating and actuating the apoptotic death signal through a proteolytic cleavage cascade [49, 50] . Phosphorylation pathways regulate signal transduction cascades [51] . However, experimental murine models of acute GVHD demonstrated that apoptosis can be induced even in the absence of immune cells, suggesting existence of an additional mechanism for target cell injury [52] .
3.3.7.
Apoptosis and Sjögren's Syndrome. Sjögren's syndrome (SS) is an autoimmune disease characterized by diffuse lymphoid cell infiltrates in the salivary and lacrimal glands, resulting in symptoms of dry mouth and eyes [53] . Three aspects of apoptosis are related to SS: (i) defective apoptosis could lead to lymphoid cell accumulation and chronic inflammation in exocrine glands; (ii) increased apoptosis of epithelial cells might explain the loss of secreting epithelium; and (iii) orderly destruction of cellular components might induce autoantibody production [54] . Apoptosis of the acinar and ductal epithelial cells of the salivary and lacrimal glands may be induced by either CTL through the release perforin and granzyme B or the interaction of Fas ligand, expressed by T lymphocytes, with Fas on epithelial cells [55] . On the contrary others believed that Fas-induced apoptosis among SS salivary glands is a rare event despite their abundant expression since infiltrating mononuclear cells seem to escape apoptosis, resulting in foci of inflammatory cells [56] 120 kDa.
-Fodrin is an important autoantigen in the development of SS in animal models and SS patients. Anti-Fas antibodyinduced apoptosis and an increase in the activities of calpain and caspases may be involved in the progression offodrin proteolysis and tissue destruction in the development of SS [53] . In vitro analysis demonstrated that apoptosis triggered by anti-Ro and anti-La could be responsible for the impairment of the secretory function in the salivary glands [57] .
Apoptosis and Virus Associated Diseases. Various types of viruses have been involved in the pathogenesis of different oral lesions, the commonest being herpes simplex virus (HSV), human papillomaviruses (HPV), and human immunodeficiency virus (HIV)
. Virus infected cells can often be recognized and destroyed by apoptotic processes initiated by either CTL or certain cytokines. Many viruses directly induce apoptosis during infection which is at least partially responsible for the various viral pathologies. Many viruses have evolved with multiple distinct mechanisms to block the premature apoptosis of infected cells either facilitating the maintenance of persistent infection or prolonging the survival of lytically infected cells such that the production of progeny virus is maximized [58] . Examples include blockage of apoptosis by viral BCL-2 (vBCL-2) homologues [59] , utilization of the phosphatidylinositol 3-kinase-Akt signalling pathway [60] , or suppression of inducers of apoptosis such as p53 [61] .
HSV infection triggers apoptosis in infected cells. However, proteins synthesized later in infected cells prevent Journal of Oral Diseases 5 apoptotic cell death from ensuing. This apoptotic modulation has a role in the development of herpetic disease [62] . HSV-1-induced apoptosis of immature dendritic cells is associated with downregulation of the cellular FLICE-inhibitory protein (c-FLIP) in a proteasome-independent manner [63] . HSV-1 triggers apoptosis in CNS neurons and causes encephalitis in adult subjects [64] . HSV-1 enhances apoptosis via expression of both Fas and Fas ligand on the surface of neonatal neutrophils [65] .
High risk HPV oncoproteins E6, E7, and E5 can modulate host mediated apoptosis by inhibiting death receptor signaling and thus regulate the survival of infected cells [66] . HPV E6 proteins inhibit apoptosis in both p53-dependent and p53-independent manners. HPV-18 E6 inhibits Bakinduced apoptosis in differentiating keratinocytes, in which HPV replicates. It was also suggested that Bak is probably the first naturally occurring target of ubiquitin ligase, E6AP [67] .
HIV infection usually leads to progressive immunodeficiency and loss of immune competence associated with declines in both the functionality and the number of CD4+ lymphocytes which in turn is related to various viral and immunological processes. Proposed virus-mediated mechanisms include toxicity caused by accumulation of unintegrated viral DNA, alteration in membrane permeability due to budding of viral particles, and terminal differentiation. Among the immunological mechanisms are killing by specific CTL and signaling through the CD4 molecule, leading to CD4+ lymphocytes apoptosis [68] . Apoptosis in HIV may be stimulated by environmental stress, toxins, and removal of growth factors and may be mediated by one of these death inducing ligands: TNF, FasL, and TRAIL [69] . Many of the proteins that are encoded by the HIV genome have been found to have pro-and/or antiapoptotic qualities. HIV surface glycoprotein, gp120, cross-links CD4 and primes cells for apoptosis. HIV-1 can also induce apoptosis "from within, " via expression of certain viral genes, such as tat, nef, vpu, and vpr [68, 69] .
Apoptosis and Benign Entities
Apoptosis and Benign Odontogenic Cysts and Tumors
(1) Apoptosis and Radicular/Apical Cyst. Radicular cysts are the most common cystic lesions of the jaws and represent a periapical inflammatory disease evoked by infected and necrotic dental pulp. Apoptosis was found to be always present in the epithelium of the apical radicular cyst. Higher apoptotic index (AI) and bcl-2 index (bcl-2I) were found in lesions with atrophic compared to hyperplastic epithelium, but the difference was statistically insignificant. However, a positive and significant correlation was found between AI and bcl-2I [70] . Epithelium of radicular and residual cysts showed expression of apoptosis related factors like ssDNA, p53, Bax, Bcl-2, caspase-3, Fas, Fas-L, and Ki-67 antigen suggesting their role in the pathophysiologic activity of periapical inflammatory lesions. Such factors may be affected by the structure of lining epithelium and the degree of inflammatory change since Ki-67 and ssDNA reactivity in RCs with intense inflammatory reactions or with thick lining epithelium were significantly stronger than those RCs with less inflammation or with thin lining [71] . Caspase-3 and Ki-67 expression was significant in hyperplastic epithelium related to intense inflammation, whereas Bcl-2 expression was significantly higher in atrophic epithelium of DCs than RCs suggesting that although they may have different pathogenetic mechanism they have similar biological behavior in the presence of intense inflammatory infiltrate [72] .
(2) Apoptosis and Dentigerous Cyst. The epithelial lining of DCs has shown TUNEL, Ki-67, and p53 positivity, but the expression was weak as compared to OKCs indicating that apoptosis is involved in cyst formation and maintaining the regular thickness of the lining epithelium in DCs [73] . Bcl-2 positivity was significantly higher in atrophic epithelium of DCs than that of RCs suggesting that presence of inflammation inhibits the Bcl-2 expression and both cysts have similar biological behavior in the presence of intense inflammatory infiltrate [72] whereas other demonstrated that Bcl-2 expression was almost completely negative in DCs and RCs compared to OKCs [74] .
(3) Apoptosis and Odontogenic Keratocyst/Keratocystic Odontogenic Tumor. Keratocystic odontogenic tumor (KCOT), also known as odontogenic keratocyst (OKC), was recently classified as a benign neoplasia due to the aggressive clinical behavior. The proliferation index and apoptotic index were found to be higher and with distinct pattern in both sporadic and nevoid basal cell carcinoma syndrome (NBCCS) KCOTs compared to DCs, reflecting its high cell turnover and reinforcing its classification as an odontogenic tumor [75] . Lack of p16 expression in KCOT compared to strong or moderate p16 expression in RCs and follicular cysts could be related to the increased aggressive behavior, invasiveness, and high frequency of recurrences found in KCOT [76] . Overexpression of cyclin Dl and p53 in syndromic OKCs could be considered as hallmark of a mutated cellular phenotype and more aggressive clinical behaviour compared to sporadic KCOTs which were negative for these oncoproteins [77] . Strong Bcl-2 overexpression in OKCs suggests its role in extension of cell survival leading to the peculiar aggressive growth pattern and can be useful to differentiate OKC from other odontogenic cysts [74] . TUNEL positive cells were observed in the surface layers of OKCs whereas no positivity was seen in the basal or intermediate layers of OKCs and DCs. Also Ki67-positive ratio and p53-positive ratio in the intermediate layer were the highest in OKCs and Bcl-2-positive cells were discernible exclusively in the basal layer of OKCs signifying that subsequently OKCs are seen as cystic lesions but not as tumor masses [73] . There is no significant difference in proliferative activity and apoptosis in OKCs associated with or without impacted teeth or between the unilocular or multilocular variants [78] . Survivin immunoexpression was positive in all cases of OKCs while all periapical cysts were negative suggesting its contribution to violent behavior of OKCs [79] .
(4) Apoptosis and Ameloblastomas. Ameloblastoma is the most frequently encountered tumor arising from odontogenic epithelium and is characterized by a benign but locally invasive behavior with a high risk of recurrence [80] .
RT-PCR and IHC showed expression of cytochrome c, APAF-1, caspase-9, and AIF in tooth germs and benign and malignant ameloblastomas suggesting that the mitochondriamediated apoptotic pathway has a role in apoptotic cell death of normal and neoplastic odontogenic epithelium and might be involved in oncogenesis, cytodifferentiation, and malignant transformation of odontogenic epithelium [81] .
Granular cells, basal cells, desmoplastic ameloblastomas, and ameloblastic carcinomas showed immunoreactivity for the BH3-only proteins (Bid, Bim, Bad, Noxa, and Puma) whereas keratinising cells of acanthomatous ameloblastomas showed no reactivity suggesting that these proteins might be involved in tumor cell differentiation of ameloblastomas [82] . TNF-, TRAIL, and their receptors were also found to be expressed in tooth germs and ameloblastomas proving their role in cytodifferentiation of odontogenic epithelium and tissue structuring of ameloblastomas [83] . Similarly, expression of Fas, FasL, caspase-3, and ssDNA has also been demonstrated in various patterns in tooth germs and benign and malignant ameloblastomas [84] .
Apoptosis and Benign Epithelial Tumor
(1) Apoptosis and Squamous Papilloma. Oral squamous papilloma (OSP) is a frequent benign tumorous lesion associated with HPV. OSP consists of proliferation of the stratified squamous epithelium resulting in a papillary or verrucous exophytic mass and has got site predilection for the tongue and soft palate, but any surface of the oral cavity can be affected [85, 86] . Carneiro et al. performed immunohistochemical assay on 12 OSP cases utilizing BP53-12 and Pab240 antibodies for p53 protein and found that immunostaining for protein p53 was primarily negative or weakly positive in all cases (in all epithelial layers) except one case which indicates the benign nature of the lesions evidenced by their slow development and less chances of becoming malignant. Intense staining in one slide for both immunomarkers in all the epithelial layers could be attributed to the presence of virus with high oncogenic potential (HPV 16 and 18) or to the presence of coexisting external factors [85] .
Apoptosis and Premalignant and Malignant Entities
3.6.1. Apoptosis and Actinic Cheilitis. Actinic cheilitis (AC) is a common condition caused by damage to the lips through exposure to sunlight and has the potential to undergo malignant transformation into squamous cell carcinoma [87] . Overexpression of p53 was found in AC as compared to normal lip and oral mucosa. Bcl-2 expression was higher in AC than in oral mucosa, but it was significantly reduced as compared with normal lip. Thus, it was suggested that DNA-damaged cells by UV radiation in AC are eliminated by apoptosis. Also, both p53 and bcl-2 play an important role in regulating malignant transformation in AC [88] .
Apoptosis and Oral Leukoplakia.
It has been suggested that a change in apoptosis accompanies the onset of invasion in a premalignant lesion of the human oral cavity and oropharynx. AI increased progressively from normal to carcinoma in situ (CIS) but fell in SCC, with maximum apoptotic index (AI): mitotic index (MI) ratio in CIS. The position of apoptotic bodies was localised to the deepest layers in normal and dysplastic epithelia but became generalised in CIS and SCC [89] . Greater expression of oncoproteins MDM2 and Bcl-2 was seen in leukoplakia with altered keratinocyte maturation than OLP case whereas expression of wt-p53 and p21 was higher in OLP compared to leukoplakia cases. In spite of divergent outcome of apoptotic signalling proteins, no significant difference in the number of apoptotic epithelial cells was observed between leukoplakia and OLP cases [90] . Increased mitotic, apoptotic, and Ki-67 index indicate unfavourable prognosis of leukoplakia [91] . Abundance of p27 expression in oral leukoplakia may be associated with inhibition of cell proliferation leading to apoptosis of premalignant tumor cells thus preventing tumor progression [92] . It is hypothesised that the antiapoptotic ability of Epstein-Barr virus (EBV) may result in altered expression of apoptosis-associated proteins in oral hairy leukoplakia. Except p53, which appears to be overexpressed, there is only slight alteration in immunoexpression of other apoptosis-associated proteins in OHL [93] .
Apoptosis and Oral Squamous Cell Carcinoma.
The accumulation of neoplastic cells can occur through enhanced proliferation, diminished cell turnover, or a combination of both processes. Tumor cells from a wide variety of human cancers have been shown to exhibit increased survival and resistance to apoptosis [94] . There are two major ways that could downregulate cancer cell apoptosis: (1) somatic and nonsomatic mutation and loss of expression of proapoptotic molecules and (2) overexpression of apoptosis inhibitory molecules. Mutations within caspase family proteases are not uncommon in malignancies [95] . Caspase-7 proved to be an independent prognosticator and predictor of locoregional recurrence in patients of OSCC [96] . Several alterations that inhibit both the death receptor and mitochondrial pathways via caspases have also been identified including overexpression of IAPs, activation of PI3k or Akt, and posttranslational modifications of caspases [94] .
In pathological settings Bcl-2 gene family appears to act synergistically with oncogenes and tumor suppressor genes [97] . Positive Bcl-2 expression is associated with higher tumor grading, higher tumor mitotic index, higher index of atypical mitoses, and microfocal pattern of tumor invasive margins [98] . In OSCC, compared with oral epithelium, there is a decreased Bcl-2 expression, a lowered Bcl-2/Bax ratio, and increased apoptosis. Expression of Bax correlated with histological tumor grading in OSCC [99] whereas others found that expression of Bak may be useful for better characterizing and predicting the prognosis of OSCC [100] .
Aberrations of the p53 gene and overexpression of its protein are widely recognized markers of malignancy including OSCC. It was found that there is a negative correlation of p53 immunoexpression with histologic grade of differentiation. In patients without neck node metastases, p53 showed a strong correlation with survival [101] . On the contrary, another study showed that expression of p53 protein did not behave as a marker of prognostic value in patients with OSCC [102] .
As cancer is characterized by uncontrolled cell proliferation, markers of proliferation, such as Ki67 and PCNA, have been studied extensively in neoplastic lesions. Expression of both p53 and Ki67 correlated significantly with the histopathological stage of the tumor. However, expression of p53 was not correlated with that of Ki67 [103] .
HPV infection and/or p53 mutations are implicated in carcinogenesis of oral SCC but are not mutually exclusive events. Moreover, decrease in apoptosis is more closely related to p53 mutation than HPV infection [104] .
Survivin has got a versatile role in modulating cell division and apoptosis in cancer. Low survivin expression correlated statistically significantly with better survival rates but not with age, sex, tumor size, the presence of lymph node, or distant metastases [105] . Survivin was found to be preferentially expressed in nonadvanced, nonmetastatic, and chemotherapy-sensitive OSCC [106] . On the contrary, increased expression of survivin was found in high-grade tumors suggesting its contribution to apoptosis resistance in response to therapy [107] . Also significant correlation between survivin expression, lymph node metastasis, and proliferation was revealed but not with differentiation, microvessel density, or TNM staging [108] .
Upregulation of FasL and downregulation of Fas have been shown to occur in oral carcinogenesis, possibly contributing to both cancer cell survival and evasion of the host immune assault through induction of apoptosis in T cells that would normally kill tumor cells [109] . Moreover, it has been found that Fas is expressed in low quantities in OSCC whereas FasL expression correlates negatively with degree of differentiation and apoptosis in OSCC [110] . Thus, various proteins (apoptotic and antiapoptotic) have got a significant bearing in initiation, progression, and prognosis of OSCC.
Apoptosis and Salivary Gland
Tumors. Salivary gland tumors (SGT) are relatively uncommon neoplasms with widely variable histopathologic and biologic characteristics. P53/bcl-2 immunostaining reactivity could be helpful in demonstrating SGT behavior in terms of progression and extent of invasion since all malignant salivary gland tumors were positive whereas 70% of pleomorphic adenomas (PA) showed negative expression [111] . Similarly, Nordkvist et al. found p53 overexpression in 20% of the malignant SGT, with the highest prevalence in PLGA, squamous cell carcinoma, and CaXPA and the lowest in adenoid cystic carcinoma and acinic cell carcinoma but none of the benign PA [112] . Expression of p53 in malignant tumors bore no correlation to local recurrence, metastatic disease, or survival of the patients [113] . Bcl-2 protein expression was found virtually in all benign and malignant SGT suggesting its role in the development and proliferation of these tumors via inhibition of apoptosis [114] . p53 expression, apoptotic index, and bcl-2 protein are potential prognostic parameters in salivary gland adenoid cystic carcinoma [115] . Frequency of apoptosis is inversely related to bcl-2 but not to Bax expression in SGT [116] . Survival probability of patients who demonstrated positive staining for c-erbB-2 or TUNEL or both was lower than those with negative staining [117] .
Conclusion
Understanding the mechanistic machinery of apoptosis is crucial because it influences both health and disease, being initiated by various physiologic and pathologic stimuli. Moreover, the extensive involvement of apoptosis in the pathogenesis of various oral diseases and meticulous knowledge about it prompt it to therapeutic intervention at different checkpoints. This review is an attempt to provide an update on the crucial role and importance of apoptosis in various oral pathologies.
